Abstract: Analysis of the 16 polycyclic aromatic hydrocarbons (PAHs) of the US Environmental Protection Agency priority pollutant list was carried out in sediment samples of an industrial port in the southern Kaohsiung Harbor of Taiwan which is supposed to be extensively polluted by industrial wastewater discharges. The determination and quantification of PAHs in sediment samples were performed using gas chromatography coupled to mass spectrometry (GC-MS) with the aid of deuterated PAH internal standards and surrogate standards. The total concentrations of the 16 PAHs varied from 4,425 to 51,261 ng/g dw, with a mean concentration of 13,196 ng/g dw. The PAHs concentration is relatively high in the river mouth region, and gradually diminishes toward the harbor region. Diagnostic ratios showed that the possible source of PAHs in the industrial port area could be coal combustion. As compared with the US Sediment Quality Guidelines (SQGs), the various observed levels of PAHs exceeded the effects range median (ERM), and could thus cause acute biological damages. The results can be used for regular monitoring, and future pollution prevention and management should target the various industries in this region for reducing pollution.
Introduction
Polycyclic aromatic hydrocarbons (PAHs) are included in the European Union and US Environmental Protection Agency priority pollutant lists because PAHs represent the largest group of compounds that are mutagenic, carcinogenic, and teratogenic [1, 2] . They could also pose potential threats to the marine environment. The effect of PAHs is usually widespread and permanent in environmental media. Most PAHs have high hydrophobicity, and can be sorbed strongly by waterborne organic and inorganic particles. They may eventually be brought down to the bottom sediment as a sink in the aquatic system; the PAHs found in the sediments are resistant to bacterial degradation in an anoxic environment. Even under favorable conditions, the sorbed PAHs will be released to the water as an extended source to threaten the aquatic ecosystem through bioaccumulation in food chains [3] . Thus, understanding the distribution, composition, and potential biological impacts is essential and important for appropriately managing PAHs levels in the environment.
Kaohsiung Harbor is situated along the southwestern coast, and it is the largest international port in Taiwan. In addition, it receives effluents from four contaminated rivers, including Love River, Canon River, Jen-Gen River, and Salt River. Among these four rivers, the Salt River flows through the Linhai Industrial Park and the China Steel Plant (the largest steel plant in Taiwan) and is finally discharged into southern Kaohsiung Harbor (Figure 1 ). In the Linhai Industrial Park, there are more than 482 registered industrial factories that discharge their treated and untreated wastewaters into the Salt River. Results from recent investigations indicate that the industrial port area of southern Kaohsiung Harbor is heavily polluted by PAHs, and the upstream pollutants brought over by the Salt River represent one of the major pollution sources [4, 5] . The river receives untreated municipal and industrial wastewater discharges causing serious deterioration of the river water quality and the environmental quality near the river mouth that seriously threaten the water environmental ecological system.
Previously research on PAHs contamination in the surface sediments of Kaohsiung Harbor reported that the highest levels of PAHs were recorded for surface sediment samples collected in the vicinity of river mouth situated in industrial port area of southern Kaohsiung Harbor, indicating more PAHs were accumulated in industrial port area sediments [4, 5] . However, the PAH contamination had significant spatial and temporal variations in harbor sediments, and more understanding of the contamination is needed [6] . The present study therefore aimed to investigate: (a) the distribution, composition, and relative pollution levels of PAHs in the sediments of industrial port area in the southern Kaohsiung Harbor, (b) identify possible sources of PAHs and (c) evaluate the potential biological impacts of these pollutants on the environment.
Materials and Methods

Sampling
Surface sediment samples were collected at 14 stations located at the industrial port area of southern Kaohsiung Harbor in January 2007 ( Figure 1 ) with an Ekman Dredge Grab aboard a fishing boat. Immediately after collection, the samples were scooped into glass bottles, which had been pre-washed with n-hexane and kept in an icebox, and then transported to the laboratory for analysis. In the laboratory, the samples were freeze-dried for 72 h, ground to pass through a 0.5 mm sieve and fully homogenized [4, 5] . The dried sediments were placed at -20 °C in amber glass bottles pre-washed with n-hexane and covered with solvent-rinsed aluminum foil until further processing and analysis. 
Chemicals
All solvents and reagents used were of trace analysis (TA), chromatographic (HPLC) or ACS grade. PAHs working standards, internal standard mixture solutions and surrogate standard mixture solutions were properly diluted with HPLC grade n-hexane and prepared daily before the analysis. Glassware was washed before use with n-hexane and dried in an oven at 105 °C. Other materials were previously washed with ultrapure water and acetone.
Sample Preparation
Sediment samples were extracted using a procedure from Chen and Chen [4] , which was slightly modified. Briefly, one g (accuracy ± 0.0001 g) of dry and homogenized sediment sample was put into a clean centrifuge tube, and a 1:1 (v/v) acetone/n-hexane (5 mL), and surrogate standard mixture (2-fluorobiphenyl and 4-terphenyl-d 14 ) solutions were then added. Blanks were prepared following the same procedure without adding sediment sample. The standard sample used for quality control was prepared by adding the standard solution to 1:1 (v/v) acetone/n-hexane. All samples were vortexed for 1 min and the mixture was subject to ultrasonic treatment for 15 min for PAH extraction. The sample tubes were then centrifuged at 2,000 rpm for 10 min. After centrifuging, the organic layer containing the extracted compounds was siphoned out with a Pasteur pipette, and the sediment was re-extracted twice with 1:1 (v/v) acetone/n-hexane (5 mL). All extracts were pooled together, and activated copper was added to the combined extract for desulphurization. After subsequent drying over anhydrous sodium sulphate, and concentration to 1.0 mL using a gentle stream of nitrogen, an internal standard mixture (naphthalene-d 8 , acenaphthene-d 10 , phenanthrene-d 10 , chrysene-d 12 , and perylene-d 12 ) solution was added to the extract to be analyzed using gas chromatography with mass selective detection (GC-MS). Between this study and the previous work [4] the main difference was that in our case the internal standards were increased from three to five types and the capillary column and GC analysis conditions were different too. Moreover, concentrations of PAHs were corrected for the surrogate standard recoveries in this study.
GC-MS Instrumentation and Conditions
An Agilent 6890N GC (Agilent Technologies, Santa Clara, CA, USA) equipped with an Agilent 7683B Injector (Agilent Technologies, Santa Clara, CA, USA), a 30 m, 0.25 mm i.d. HP-5MS capillary column (Hewlett-Packard, Palo Alto, CA, USA) coated with 5% phenyl-methylsiloxane (film thickness 0.25 μm) and an Agilent 5975 mass selective detector (MSD) was used to separate and quantify the PAH compounds. The samples were injected in the splitless mode at an injection temperature of 300 °C. The transfer line and ion source temperatures were 280 °C and 200 °C. The column temperature was initially held at 40 °C for 1 min, raised to 120 °C at the rate of 25 °C/min, then to 160 °C at the rate of 10 °C/min, and finally to 300 °C at the rate of 5 °C/min, held at final temperature for 15 min. Detector temperature was kept at 280 °C. Helium was used as a carrier gas at a constant flow rate of 1 mL/min. Mass spectrometry was acquired using the electron ionization (EI) and selective ion monitoring (SIM) modes. The ion mass program used for quantification is detailed in Table 1 . 
Identification and Quantification
Identity of PAHs in the samples was confirmed by the retention time and abundance of quantification/confirmation ions in the authentic PAHs standards. Sixteen priority PAHs were quantified using the response factors related to the respective internal standards based on five-point calibration curve for individual compounds. In this study, the concentrations of PAHs were corrected for the surrogate standard recoveries, and are expressed on a dry-weight (dw) basis.
Results and Discussion
Analytical Characteristics
Five-point calibration curve (0.08 to 4 ng), procedural blank, check standard and sample duplicates were carried out for every set of samples. The response factors based on the five-point calibration curve for individual compounds showed acceptable relative standard deviation (RSD) values (1.1 to 14.1%), the procedural blank values were always less than the detection limit, the recoveries of individual PAHs in check standards ranged from 87 ± 6% to 128 ± 4% (n = 3) and the relative percent differences of sample duplicates ranged from 7.0 ± 6.0% to 13.3 ± 3.6% (n = 3) for all of the target analyses ( Table 2 ). The surrogate standard recoveries were 94.1 ± 6.6% for 2-fluorobiphenyl and 108.4 ± 8.2% for 4-terphenyl-d 14 with sediment samples (n = 17). The detection limits of the analytical procedure were estimated from three times standard deviation from repeated (n = 7) analysis of 16 PAHs (8 pg), and the amount of sample extracted. The detection limits were 0.6 (FL)-5.4 (DA) ng/g dry weight for individual PAHs (Table 2) . Reference materials SES-1 (polycyclic aromatic hydrocarbons in spiked estuarine sediment) from National Research Council of Canada (NRCC) were used. Certified and measured concentrations are showed in Table 3 and there is a good agreement among results being the error below 20% for individual PAHs. Table 2 shows the experimental mass conditions used in the GC-MS analysis. Prior to analyzing the samples, the efficiency of GC-MS for analysis of the target compounds was tested with a standard mixture of 16 PAHs. Figure 2a Figure 2(b,c) show the selected ion chromatograms illustrating how the internal standards and surrogate standards effectively cover the 16 PAHs. The separation and quantitation of PAHs in the sediment samples were achieved using the same GC-MS conditions as the standards. Sixteen PAHs were quantified using the response factors related to the respective internal standards based on five-point calibration curve for individual compounds. refers to the effects range low and median [7] .
GC-MS Separation and Identification
Distribution and Composition of PAHs
The distribution of 16 PAHs in sediments of industrial port area of southern Kaohsiung Harbor is shown in Table 4 . The total amount of PAHs (ΣPAHs) varied from 4,425 to 51,261 ng/g dw, with a mean concentration of 20,957±13,196 ng/g dw. In this study, the average ΣPAHs concentrations were higher than our previous work sampling in the same area in 2006 [4] and 2009 [5] , when average ΣPAHs were 13,980 ± 3,254 ng/g dw (n = 3) and 14,616 ± 10,663 ng/g dw (n = 9), respectively. Concentration distributions of ΣPAHs in industrial port area sediment shown in Figure 3 reveal that the sediment PAHs content is relatively higher near the Salt River mouth, and gradually decreases in the direction toward the harbor. This indicates that the major sources of sediment PAHs came from the polluted urban rivers.
According to the number of aromatic rings, the 16 PAHs were divided into three groups: (a) 2-& 3-ring, (b) 4-ring, and (c) 5-& 6-ring PAHs. The 2-& 3-ring PAHs were predominant in sediments from industrial port area of southern Kaohsiung Harbor, ranging from 23% to 43%, with mean of 37% ( Figure 4) ; the percentage compositions are 28-48% (mean of 36%) and 18-40% (mean of 27% )for the 4-ring and 5-& 6-ring PAHs, respectively. The predominance of low and medium molecular weight PAHs in the sediments of this study area reflects the presence of significant combustion products from low temperature pyrolytic processes and/or petrogenic sources [5, 8] . The PAHs pollutant level classification was suggested by Baumard et al. [9] : (a) low, 0-100 ng/g; (b) moderate, 100-1,000 ng/g; (c) high, 1,000-5,000 ng/g; and (d) very high, >5,000 ng/g. Sediments from this study area can be characterized as having high to very high PAH pollution. In this study, the composition of PAH congeners and pollution levels were similar to our previous works [4, 5] . The result of the study can be confirmed that PAHs had both high extent pollutions and pollutant types in this area, and provided more accurate information for reference of the remediation strategies in the future. 
Sources of PAHs in Sediment
Several PAHs isomeric ratios have been used to identify different sources that contribute PAHs to environmental samples [4, 5, 10, 11] . The common ratios used include AN/(PH + AN) [2, 4, [12] [13] [14] , and FLU/(FLU + PY) [4, [13] [14] [15] . Ratios of AN/(PH + AN) < 0.1 and FLU/(FLU + PY) < 0.4 usually imply a petrogenic source, whereas ratios of AN/(PH + AN) > 0.1 and FLU/(FLU + PY) > 0.5 suggest a pyrogenic source and combustion source of biomass (grass, wood, or coal combustion), respectively. If the FLU/(FLU + PY) ratio is between 0.4 and 0.5, a combustion of petroleum origin is suggested. Figure 5 shows the distribution AN/(PH + AN) and FLU/(FLU + PY) ratios in all sediment samples. Results show that ratios of AN/(PH + AN) and FLU/(FLU + PY) were <0.1 and >0.5, respectively at Stations S1, S4, S5, S13, and S14, suggesting that mixed sources could be possible source of PAHs; ratios of AN/(PH + AN) and FLU/(FLU + PY) at Stations 8 were higher than 0.1 and between 0.4 and 0.5, respectively indicate that petroleum combustion sources could be possible source of PAHs; ratios of AN/(PH + AN) and FLU/(FLU + PY) at other stations were higher than 0.1 and 0.5, respectively indicate that coal combustion would make the possible contributions to PAHs. Results from the ratio calculations suggest that PAH input to the industrial port area of southern Kaohsiung Harbor mainly came from domestic oil/coal combustion, because oil/coal burning was used for the energy source in this area [4] . Our previous works showed that coal combustion was the main source of PAHs in the study areas [4, 5] . However, the oil combustion and some petrogenic characteristics were also found in the sediments that may be due to the more completed station used in the present study.
Sediment Biological Effects Based on PAHs
The widely used sediment toxicity screening guidelines of the US National Oceanic and Atmospheric Administration provide two target values to estimate potential biological effects: effects range low (ERL) and effect range median (ERM) [7] . The guideline was developed by comparing various sediment toxicity responses of marine organisms or communities with observed PAH concentrations in sediments. These two values delineate three concentration ranges for each particular chemical. When the concentration is below the ERL, it indicates that biological effects should be rare. If the concentration equals to or is greater than the ERL, but below the ERM, it indicates that a biological effect would occur occasionally. Concentrations at or above the ERM indicate that a negative biological effect would occur frequently. Table 4 shows the measured concentrations of PAHs in comparison with the ERM and ERL values. Among the 14 sediment samples collected, the ΣLPAHs is between ERL and ERM in 3 samples (21%), and exceed ERM in the other samples (79%); the ΣHPAHs is between ERL and ERM in five samples (36%), and exceed ERM in the other samples (64%); the ΣPAHs is between ERL and ERM in 13 samples (93%), and one sample (station S2) exceed ERM. For an individual PAH, they were above ERL but below ERM in three to 14 samples, which indicate that biological effects would occur occasionally. Moreover, except for Station 10 and 11, at least one type of PAHs exceeded the ERM in all stations, which indicates that biological effects would occur frequently.
In addition, a sediment quality guideline of 1,000 ng/g dw total PAHs to protect estuarine fish against several important health effects was suggested by Johnson et al. [16] . According to this guideline, the results of the present study show ΣPAHs exceed 1,000 ng/g dw at all sampling locations and management to reduce adverse environmental effects is urgent.
Conclusions
Analysis for 16 PAHs was carried out in sediment samples of an industrial port in the southern Kaohsiung Harbor (Taiwan). The distributions, possible sources and potential biological effects were also evaluated. The total concentrations of 16 PAHs varied from 4,425 to 51,261 ng/g dw, with a mean concentration of 13,196 ng/g dw. The PAH concentration is relatively high in the river mouth region, and gradually diminishes toward the harbor region. This indicates that the major sources of sediment PAHs came from the polluted urban rivers. The possible source of PAHs in the industrial port area could be coal combustion. As compared with the US Sediment Quality Guidelines (SQGs), several of the observed PAH levels exceeded the ERM, and could thus cause acute biological damage. The results should be useful in designing future strategies for environmental protection of the port, with special focus on the area at industrial zone dock.
